Suppression of superconductivity by non-magnetic disorder in the organic
  superconductor (TMTSF)2(ClO4)(1-x)(ReO4)x by Joo, Nada et al.
ar
X
iv
:c
on
d-
m
at
/0
40
14
20
v3
  [
co
nd
-m
at.
su
pr
-co
n]
  1
6 S
ep
 20
04
Suppression of superconductivity by non-magnetic disorder in the organic
superconductor (TMTSF )2(ClO4)(1−x)(ReO4)x
N.Joo1,2, P.Auban-Senzier1, C.R.Pasquier1, P.Monod3, D.Je´rome1 and K.Bechgaard4
1Laboratoire de Physique des Solides (CNRS,UMR 8502), Universite´ Paris-Sud, 91405 Orsay, France
2Faculte´ des Sciences de Tunis, LPMC, Campus Universitaire , 1060 Tunis, Tunisie
3Laboratoire de Physique des Solides (CNRS,UPR 5 ), ESPCI, 75231 Paris-Cedex 05, France
4Polymer Department, Risø National Laboratory, 4000 Roskilde, Denmark
We present a study of the superconducting properties (Tc and Hc2) in the solid solution
(TMTSF )2(ClO4)(1−x)(ReO4)x with a ReO
−
4 nominal concentration up to x = 6%. The dramatic
suppression of Tc when the residual resistivity is increased upon alloying with no modification of
the Fermi surface is the signature of non-conventional superconductivity . This behaviour strongly
supports p or d wave pairing in quasi one dimensional organic superconductors. The determination
of the electron lifetime in the normal state at low temperature confirms that a single particle Drude
model is unable to explain the temperature dependence of the conductivity and that a very narrow
zero frequency mode must be taken into account for the interpretation of the transport properties.
Organic superconductivity has been around for nearly
25 years since its discovery in (TMTSF )2PF6[1]. How-
ever very little is still known experimentally regarding
the symmetry of the superconducting pairing. An early
theoretical work of Abrikosov [2] performed within the
self consistent approximation has concluded that both
scenarios could be envisaged for quasi one dimensional
(Q-1D) conductors namely, singlet or triplet spin pair-
ing depending on the properties of the electron-electron
interaction. It was also anticipated that the stability of
the triplet state would be very sensitive to the presence
of non magnetic impurities.
An other approach based on the exchange of antiferro-
magnetic fluctuations between neighbouring chains has
led to an exotic d-like pairing [3]. This model is singlet
in the spin sector and leads to a superconducting gap
which exhibits a sign reversal along the open Fermi sur-
face of these Q-1D conductors. Experiments available up
today are unable to settle without ambiguity the ques-
tion of the pairing symmetry in organic conductors. As
far as one dimensional superconductors are concerned,
some support in favour of triplet pairing was claimed
from the analysis of critical fields in (TMTSF )2ClO4 and
(TMTSF )2PF6 in terms of pure type II superconduc-
tivity [4] and also from the observation of a divergence
of the upper critical field at low temperature for fields
parallel to the intermediate direction b′ with Hc2(T ) ex-
ceeding greatly the paramagnetic (Pauli) limit value in
(TMTSF )2PF6[5]. In addition, the spin susceptibility
found to be temperature independent in the supercon-
ducting phase and equal to its normal state value for
(TMTSF )2PF6 has been taken as an other evidence in
favour of triplet pairing[6]. However, both experiments
may not be fully convincing since in the former the criti-
cal field has been investigated in a pressure domain close
to the low pressure spin density wave instability where
superconductivity is inhomogenous[7, 8] whereas for the
latter it is unclear whether the NMR signal needed for
the Knight shift measurement refers to superconducting
or to normal electrons in this superconducting state ex-
hibiting a vortex structure. For (TMTSF )2ClO4, an-
other member of the Bechgaard salts in which supercon-
ductivity is stable under ambient pressure [9] the situ-
ation remains also unclear. The finding of a power law
dependence of the relaxation rate in the superconduct-
ing phase down to Tc/2 led Takigawa et-al [10] to suggest
the existence of lines of zeros for the superconducting
gap on the Fermi surface[11] while thermal conductivity
data down to Tc/7 provided compelling evidences for a
nodeless gap [12]. As far as the 2-D organic superconduc-
tors built on the BEDT − TTF molecule are concerned
the actual symmetry of the superconducting wave func-
tion is still controversial although far more experimental
studies have been conducted. Most NMR investigations
support a spin-singlet pairing[13, 14, 15]. Recent spe-
cific heat measurements performed in two members of the
BEDT − TTF family have shown a fully gapped order
parameter[16, 17] at variance with early heat conduction
[18] and penetration depth measurements[19] providing
evidences for nodes in the gap. This contradictory situa-
tion might be reasonably resolved by recent penetration
depth experiments pointing out the critical influence of
the ethylene groups ordering on the existence of low en-
ergy electron excitations[20]. We may notice that Tc in
these 2-D superconductors is very sensitive to the exis-
tence of intrinsically non-magnetic disorder[21].
The quantum states of the partners entering into the
formation of a Cooper pair of a BCS s-wave superconduc-
tor are related to each other by a time reversal symmetry.
Hence no pair breaking is expected from the scattering
of electrons against spinless impurities [22]. Experimen-
tally, this property has been verified in non-magnetic
2dilute alloys of s-wave superconductors and brought a
strong support for the BCS model of conventional s-wave
superconductors. However, the condition for time rever-
sal symmetry is no longer met for the case of p-wave pair-
ing and consequently Tc for these superconductors should
be strongly affected by even a small amount of such non-
magnetic scattering. It is the extreme dependence of the
critical temperature of Sr2RuO4 [23] on non-magnetic
disorder which has provided a strong support in favour
of triplet superconductivity in this compound. It is also
the remarkable sensisitivity of organic superconductiv-
ity to irradiation[24, 25] which led Abrikosov to suggest
the possibility of triplet pairing in these materials[2].
Although irradiation was recognized to be an excellent
method for the introduction of defects in a controlled
way[26], defects thus created can be magnetic[27] and
the suppression of superconductivity by irradiation in-
duced defects as a signature of non-conventional pairing
must be taken with ”a grain of salt” since local moments
can also act as strong pair-breakers on s-wave supercon-
ductors.
Using chemistry to break the crystalline invariance is
an other way for the creation of local non-magnetic scat-
terers. This has been achieved by the substitution of
TMTSF for TMTTF molecules in TM2X salts with
X = PF6 [28] and X = ClO4[29]. However in both situa-
tions cationic alloying involves drastic modification of the
normal state electronic properties since the SDW transi-
tion of (TMTSF )2PF6 is quickly broadened and pushed
towards higher temperature upon alloying[30]. Conse-
quently, such a cationic alloying may not be the best case
to test the robustness of superconductivity against an en-
hanced scattering. A softer way of introducing disorder
on the cation stack has been developed with the series
(trimethyl-TSF(1−x)TMTSFx)2X where a drastic sup-
pression of superconductivity of X = ClO4 is observed
with 10% alloying while the SDW instability of X = PF6
which involves an order of magnitude higher in energy is
left unperturbed[29].
Leaving the cation stack uniform, scattering centers
can also be created on the anion stacks. The role of the
anion stack on the ground state is enhanced as soon as
the anion which is located at an inversion center of the
structure does not possess a central symmetry[31]. This
is the case in particular for tetrahedral anions such as
X = ClO4 which order at low temperature (TAO=24K)
in line with entropy minimization. As anion reorienta-
tion requires a tunneling process between two states at
equal energy but separated by a large potential barrier,
the dynamics of orientation is a slow process at low tem-
perature. Hence, for samples slowly cooled through TAO
(in the so-called R-state) the orientation of the anions
is uniform along the stacking axis but alternate along
the b-direction leading in-turn to a doubled periodic-
ity with a concomitant opening of an energy gap on the
Fermi surface at ±pi/2b and the creation of two sheets of
open Fermi surfaces at +kF and -kF respectively. Fast
cooled samples reach low temperature in a state (the Q-
state) where orientational disorder is frozen-in (i.e. a
mixture of both anion orientations) and superconduc-
tivity is depressed[32, 33]. When the cooling rate is
fast enough (quenched state) full disorder is preserved
and the single-sheet Fermi surface of the high temper-
ature sructure prevails at low temperature leading in
turn to the instability of the metallic phase against a
SDW ground state at TSDW=5K[32]. Furthermore, it has
been shown that neither the Pauli susceptibility[32, 34]
nor the density of states[33] of the normal phase are af-
fected by the orientational disorder introduced by the
fast cooling procedure as long as a superconducting
ground state is observed. An other approach for the in-
troduction of anionic disorder has been successful with
the synthesis of an anionic solid solution involving an-
ions of similar symmetry. For centrosymmetrical anions
a suppression of the SDW state has been observed in
(TMTSF )2(AsF6)(1−x)(SbF6)x[35] but the effect on su-
perconductivity which would have required a high pres-
sure has not been studied in details. As far as the non-
centrosymmetrical anions are concerned, the early stud-
ies by Tomic´ et-al [36]in(TMTSF )2(ClO4)(1−x)(ReO4)x
have shown that both the low temperature conductivity
and the transition towards superconductivity are very
strongly affected by alloying although X-ray investiga-
tions have revealed that long range order is preserved up
to 3% ReO−4 with a correlation length ξa > 200A˚[37].
In the present paper we have investigated the influence
of non-magnetic disorder on the superconducting proper-
ties of the solid solution (TMTSF )2(ClO4)(1−x)(ReO4)x
with different cooling rates down to 100mK. ¿From the
measurement of Tc and of the upper critical field at dif-
ferent x and cooling rates we have derived the relation
between the coherence length and the critical tempera-
ture which is at variance with the expectation in a con-
ventional dirty type II superconductor.
Single crystals of the solid solution
(TMTSF )2(ClO4)(1−x)(ReO4)x with x in the range
0 ≤ x ≤ 0.06 have been prepared with the usual
electrocrystallization technique. As the relative concen-
tration of ReO−4 and ClO
−
4 anions in the crystals could
differ from the nominal concentration of the solution a
microprobe analysis has been attempted. However the
sensitivity of such a technique with respect to the ReO−4
concentration is rather limited[38]. Only the x = 0.06
sample gave a rhenium peak with a signal to noise ratio
which was large enough to enable a calibration. We
found that the actual concentration is about 30% smaller
than the value expected from the nominal concentration
with a large error bar. We shall see in the following
that the nominal concentration is not so relevant for the
purpose of our experiment.
Conductivity measurements have been conducted us-
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FIG. 1: Temperature dependence of the resistiv-
ity in the low temperature domain for three typical
(TMTSF )2(ClO4)(1−x)(ReO4)xsamples with different
ReO−4 concentrations in the relaxed state. The transition
towards superconductivity is displayed in the insert for
non-alloyed (1) and alloyed (3 and 4) samples in relaxed (R)
or quenched (Q) states (Q1 corresponds to the cooling rate
of −4K/mn).
ing a low frequency lock-in detection with the current
flowing along the c⋆ axis of the crystals. This direction
has been chosen for transport studies because it allows a
reliable cooling without visible cracks and also because
the a − b′ plane due to the high transport anisotropy
provides a well defined equipotential surface for the re-
sistance measurements . Contacts were made with silver
paste on two gold pads evaporated on each parallel side
of crystals with typical sizes 1× 0.3× 0.15mm3. The low
temperature was provided by a dilution refrigerator de-
signed for convenient operation between 100mK and 30K
with a sample holder able to measure two samples simul-
taneously. For the comparison of the low temperature re-
sistivity between different samples which is needed in this
work we did not rely on their geometrical factors relat-
ing resistance to resistivity. This factor is always difficult
to determine with much accuracy due to uncertainties in
the measurement of the sample dimensions. Instead, we
chose 28Ωcm for the value of the room temperature trans-
verse resistivity ρc⋆ , an average derived from the study
of 15 different samples. Subsequently we have normal-
ized all measurements of resistance versus temperature
against this average resistivity. This procedure is jus-
tified by the application of the Mathiessen’s law which
is particularly relevant in this experiment since the re-
sistance ratio between ambient and helium temperature
even in the most impure samples was at least 100. The
ESR linewidth data displayed in fig. (2) bring a further
justification for the procedure used to compare resistiv-
ity between different samples. Furthemore, we chose to
characterize the electronic life time at low temperature by
the residual resistivity ρ0 which we obtain as the constant
parameter in a polynomial fit of the temperature depen-
dence of the resistivity in the normal state (instead of the
nominal concentration of the solid solution). The resis-
tivity is linear (quadratic) in temperature below (above)
10K [39].
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FIG. 2: ESR linewidth of pure (1R) and doped (7R) samples.
The difference in temperature dependences of the two sam-
ples below TAO is due to the enhancement of the electronic
scattering rate in the doped system. The anion ordering is
somewhat smeared by a small temperature lag (≈ 2 K) ex-
isting between the thermometer and the sample in the range
24K-12K. The inset shows the ESR susceptibility of the doped
sample normalized at 300K. The temperature dependence is
in close agreement with that of (TMTSF )2ClO4published in
the literature.
Reliable data require a good control of the anion or-
dering, therefore the procedure for low temperature mea-
surements was the following: the sample was first slowly
cooled down to 4.2K (≤ 0.2K/mn), then warmed up to
30K and subsequently cooled again to low temperature
with an adequate control of the cooling rate through the
anion ordering temperature. The cooling rate used to sta-
bilize the R-state of (TMTSF )2(ClO4)(1−x)(ReO4)xin
our experiments is -0.05K/mn(3K/h).This rate is indeed
much lower than the lowest rate used earlier to study the
R-state (12 and 5K/h)[36]. Figure (1) displays resistiv-
ity data in the low temperature domain. In the present
study we have focused our attention on the samples with
0 ≤ x ≤ 0.06 measured with cooling rates slow enough
in order to preserve a metallic behaviour (δρ/δT > 0)
over the entire temperature regime. According to fig (1)
the signature of anion ordering is visible at TAO= 24K
and survives although smeared out upon alloying up to
the nominal concentration of x = 0.06. No decrease of
TAO larger than 1K or so has been noticed in agreement
with X-ray investigations[37, 40, 41]. In addition we no-
tice that the residual resistivity increases with the con-
centration of ReO−4 defects in the R-phase and also with
the cooling rate for a given sample in agreement with
Mathiessen’s law, see insert in fig.(1). We also noticed
that much lower cooling rates are necessary to reach a R
4state in highly defective samples in agreement with the
increase of the annealing time requested by annealing
close to TAO as measured by Tomic´ [32].
Electron paramagnetic resonance studies have been
carried on in a X-band spectrometer equipped with a
variable temperature cryostat able to control the cooling
rate down to 4.2 K. Typical results are shown on fig (2)
where the peak to peak linewidths (∆H) of pure (1R)
and x = 0.06 (7R) samples are displayed against tem-
perature. Figure (2) reveals a temperature dependence
as expected for the resonance of a conduction electron
spin resonance (CESR) in metals, namely ∆H ∝ elec-
tronic scattering rate (resistivity)[42]. The magnetic field
is along the b axis of the single crystals and the g factor
has been found temperature independent. The CESR
data show that Mathiessen’s law applies fairly well to ∆H
since similar increases of linewidth and resistivity are ob-
served upon doping. Furthermore, ReO4 doping has no
effect on the integrated electron susceptibility tempera-
ture dependence as it should if the doped samples are
free from magnetic impurities, see inset.
For all samples the superconducting transition can be
detected by a drop of the resistance to zero. The onset
temperature was defined by the intercept between the
high temperature extrapolation and the linear fit in the
transition region. In the pure sample it amounts to 1.18K
with a (10%-90%) width of 0.1K.
When a magnetic field is applied along the c⋆ direction,
the wholeR(T ) curve is pushed towards low temperature.
Hence Hc2(T ) can be derived for different samples and
different cooling rates, see fig (3). According to the data
of fig (3) the temperature dependence of Hc2(T ) is linear
close to Tc as expected from the Ginzburg-Landau theory
[43] and a value for Tc can thus be determined by the zero
field extrapolation of the critical field[44].
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FIG. 3: Critical temperature vs magnetic field for five crystals
of (TMTSF )2(ClO4)(1−x)(ReO4)xwith different Tc, Q1 and
Q2 refer to quenched samples with cooling rates of −4K/mn
and −26K/mn respectively.
The central result of this work is shown on fig (4) where
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FIG. 4: Superconducting critical temperature derived from
the zero field intercept of Hc2(T ) in fig (3) (dots) and also
from the zero field resistivity data (squares) as a function of
the residual resistivity for samples with different amounts of
disorder either chemical or(and) orientational. The solid line
is a least square fit of the digamma pair-breaking function to
the data which reaches zero at α = 0.88.
Tc is plotted against the residual resistivity in the trans-
verse direction. On this figure the data which are dis-
played come from different samples in the R state and
also from quenched samples preserving the metallic be-
haviour and superconductivity at low temperature. It
can be inferred that the residual resistivity is propor-
tional to the inverse electron life time 1/τ (or inverse
mean free path 1/l). This is the case for coherent trans-
port along c⋆ [45] but also for incoherent transport since
then we also have ρ0c⋆ ∝ 1/τ [46, 47]. The relation
between the transverse resistivity and the in-chain in-
verse electron lifetime is still valid in case of incoher-
ent transverse transport as shown recently by the per-
turbative derivation of the transverse conductivity in
the tunnelling approximation[48, 49]. On account of
the small value of the overlap along the c direction for
(TMTSF )2ClO4, the c-axis transport is probably at the
border between coherence and incoherence. However, the
observation of a narrow angular magnetoresistance peak
when a large magnetic field is applied perpendicular to
the c axis supports the possibility of coherent transport
at low temperature[50]. Figure (4) shows that the ex-
tra scattering due to orientational disorder in fast cooled
samples adds to the residual scattering due to the chem-
ical defects. From the signature of the anion ordering
at TAO we can be confident that the density of states at
the Fermi energy is not changed in the solid solution. In
addition an effect of volume change can also be ruled out
to explain the data on fig (4) since the substitution of
ReO−4 to ClO
−
4 should expand the unit cell and in turn
increase Tc at variance with the data[51]. Consequently,
5the suppression of Tc must be related to the enhance-
ment of the scattering rate in the solid solution. The ad-
ditional scattering cannot be ascribed to magnetic scat-
tering according to our ESR studies. Thus, our results
cannot be reconciled with the picture of a superconduct-
ing gap keeping a constant sign over the whole (±kF )
Fermi surface and require a picture of pair breaking in
a superconductor with an unconventional gap symmetry.
The conventional pair breaking theory for magnetic im-
purities in usual superconductors can thus be generalized
to the case of non-magnetic impurities in unconventional
materials and Tc reads[52, 53],
ln(
Tc0
Tc
) = Ψ(
1
2
+
αTc0
2piTc
)−Ψ(
1
2
)
with Ψ being the digamma function, α = h¯/2τkBTc0
the depairing parameter, τ the elastic scattering time
and Tc0 the limit of Tc in the absence of any scattering.
According to fig (4) we obtained Tc0=1.22K from the best
least square fit of the data. The critical scattering rate
for the suppression of superconductivity leads to 1/τcr =
1.44cm−1, τcr = 3.5ps (following the definition of α).
Accordingly, 1/τ amounts to 0.13cm−1 (τ = 40ps) in the
pristine (TMTSF )2ClO4 sample.
It is now interesting to make the connection with
the rate which can be derived from a Drude analysis
of the longitudinal transport using the usual relation
σDC = ω
2
pτ/4pi between transport and plasma frequency
data. Given a resistance ratio of 800 between 300 and
2 K as currently measured in pure (TMTSF )2ClO4in
the absence of cracks and a plasma frequency obtained
from the room temperature optical data[54] the Drude
mode should have a width at half height of ≈ 2cm−1 at
low temperature. This width is admittedly much larger
than what has been derived from the depression of su-
perconductivity by non-magnetic impurities (about 15
times larger). However, our finding of a very long scat-
tering time in pure (TMTSF )2ClO4supports the claims
made from polarized far-infrared spectroscopy data for
a pseudo-gap with a low conductivity in the 2 − 4cm−1
frequency range together with the existence of a zero fre-
quency peak whose width is less than 0.034cm−1 for light
//a below 10K [55, 56]. The DC conductivity at low tem-
perature would in turn correspond to the conductivity of
this narrow mode at zero frequency.
The suppression of superconductivity at a critical value
of the scattering rate corresponds to a critical mean free
path of the order of the microscopic superconducting co-
herence length (l ≈ ξ0). Since the coherence length is
anisotropic in such a low dimensional conductor our data
are unable to measure the different components. We have
only access to its average ξab in the a− b
′ plane using the
Ginzburg-Landau theory and TcdHc2/dT = φ0/2piξ
2
ab.
Figure (3) leads to ξab = 371A˚ for (TMTSF )2ClO4.
This value can be compared with a determination per-
formed by Murata et-al [57] who obtained ξab = 486A˚.
With fig (4), our determination of the coherence length
gives l ≈ 4100A˚ (l/ξ0 = 11) in (TMTSF )2ClO4. Hence
we can be confident that pristine (TMTSF )2ClO4 is lo-
cated in the clean limit and should be treated as a clean
superconductor.
The data of fig (4) and fig (3) cannot be reconciled
within the framework of a conventional superconductor.
First, the slope dHc2/dT shows a tendency to decrease
together with Tc which is the behaviour expected in a
clean type II superconductor when Tc is decreased but in
such a situation Tc itself should not be affected by non
magnetic impurities. Second, in a dirty type II material
one can expect dHc2/dTαρ0[43] . This is opposite to the
experimental behaviour in fig (3).
In summary, the solid solution
(TMTSF )2(ClO4)(1−x)(ReO4)xprovides an ideal
case for the study of the response of organic supercon-
ductivity to non-magnetic disorder. We have shown that
on the dilute side with a nominal concentration of ReO4
up to x = 0.06 the signature of the anion ordering at
24K provides a proof for the preservation of the original
Fermi surface whereas the superconducting transition
temperature is depressed by a factor about two. This
behaviour cannot be reconciled with a model of conven-
tional superconductors. The gap must show regions of
positive and negative signs on the Fermi surface which
can be averaged out by a finite electron lifetime due
to elastic scattering. As these defects are local the
scattering momentum of order 2kF can mix + and -
kF states and therefore the sensitivity to non-magnetic
scattering is still unable to tell the difference between
p or d orbital symmetry for the superconducting wave
function. Furthermore, the conclusions of our work
corroborate a previous experimental conclusion showing
that the sole existence of a gap anisotropy was unable
to explain the concomitant decreases of both Tc and
specific heat anomaly in (TMTSF )2ClO4 when the
cooling rate is increased [58]. A noticeable progress
could be achieved paying attention to the spin part of
the wave function. In the close vicinity of Tc orbital
limitation for the critical field is expected to prevail and
therefore the analysis of the critical fields close to Tc[4]
does not necessarily imply a triplet pairing. Reliable
data in (TMTSF )2ClO4[57] are not in contradiction
with the picture of singlet pairing but no data exist
below 0.5K, the temperature domain where it would be
most rewarding to see how Hc2 compares with the Pauli
limit when H is perfectly aligned along the a axis. This
new piece of information could select between singlet
and triplet pairing hypothesis. The present study has
also shown that the transport in the normal state cannot
be explained by a conventional single particle Drude
model. It supports the existence in the conductivity
spectrum of a very narrow zero frequency peak carrying
a minor fraction (about 1%) of the total spectral
6weight as already inferred from the FIR spectroscopy
data[55, 56, 59] and also emphazises the role of electron
correlations in these low dimensional conductors.
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